INTRODUCTION
The proposed Lunar Gateway ( Figure 1 ) will play an important role as a forward refueling base/pit stop on a journey to the Moon. Current plans are to position the base well outside the gravity wells of Earth and the Moon. A forward base such as the Lunar Gateway is needed to serve as a site for repairs/logistics hub and refueling depot in between any long journey to the Moon and beyond. This contrasts with Zubrin's Moon Direct approach 1 . While it is true the Apollo Program didn't require a hub or a forward base, it made the program all the more expensive and daring, that it couldn't be repeated for over 50+ years. A better solution is needed that provides a stepping stone to the Moon as part of a long-term, sustainable, two-prong strategy of science exploration and human colonization.
Long term human colonization of the Moon requires further exploration of the lunar surface to better understand the origin, the formation and its composition in ever more detail. Significant insight has been obtained from the orbiting Lunar Reconnaissance Orbiter (LRO), however complementary surface missions are required to further our insight. Current plans for lunar science mission are all relatively expensive as they need to account for the cost of launch, upper-stage and the spacecraft. Use of the Lunar Gateway as a launch-pad for lunar flyby, orbit and surface mission can significantly cut down costs. The miniaturization of spacecraft electronics, sensors and actuators and recent demonstration of the MarCO Mars CubeSats 2 show that CubeSats despite being at their infancy as interplanetary explorers could be the ideal platform/vehicles for these flyby, orbit and surface missions to the Moon 3 .
Compared to the SLS EM1 mission, the Lunar Gateway can play an important role not just a drop-off point but also as a permanent communication relay/hub to the CubeSats operating on the Moon. It may even be worthwhile to control and monitor the CubeSats from the Gateway rather Earth to ease communication congestion of the DSN. The relatively short distances could enable teleoperation of these CubeSats as opposed to fully autonomous operations. This could further simplify operation and minimize risks/uncertainties. The Lunar Gateway could also be used to insert an orbiting lunar relay and global positioning system to further facilitate exploration of both the far-side and near side of the Moon. Importantly these assets can increase localization accuracy to 10s of cm position accuracy and communication from with far-side assets. The relay and GPS system could be composed of CubeSats and such mission will further advance miniaturized ADCS systems for use in deep space.
Just as sending CubeSats to Low Earth Orbit (LEO) has become routine, it will be possible to do the same to the lunar vicinity. Sending these CubeSats to perform critical science exploration avoids the costs and risks of sending humans. The end to end mission costs could be reduced to $20 million and below for 54 kg, 27U CubeSats. Secondarily, the CubeSats being disposal can be used to further advance low-cost technology to navigate and precision land on the lunar surface, while advancing critical technologies like propulsion and communication which remain important technological hurdles 4, 5, 6 . The platform and the location maybe the ideal proving ground to test next-generation hybrid propulsion technologies that enables the CubeSats to perform sample-return from the lunar surface. Once lunar surface missions become routine, it may be possi- ble to tackle Planetary Science Decadal questions including assembling telescopes and sensor networks on the far-side of the Moon 7 . In this paper, we present examples of lunar CubeSats that could be deployed from the Lunar gateway to perform exciting surface science. Preliminary design of two Lunar CubeSat lander missions called Arne II 8 and Cheesy Logic that would be deployed from the Lunar Gateway. One mission concept will be used to explore the lunar pits such as Mare Tranquilitatis and the second mission concept would be to deploy a lander to Reiner Gamma. Each lander is a 27U and has mass of 54 kg and each mission is expected to last no longer than 12 days. This avoids the thermal challenges of surviving the lunar night and simplifies the spacecraft design. Each lander will be self-propelled utilizing green-monoprop or solid-rockets with a maximum delta-v of 2.5 km/s. Arne II requires precision landing and will be required to land within 500 meters of Mare Tranquilitatis. In contrast, Cheesy Logic will need to land within the Renner Gamma region and have an accuracy 2 km. Through these mission, significant insight will be learned of lunar geology and geo-history. In addition, both missions will provide insight into developing a future human base.
In the following section, we will provide science motivations for the two mission concepts followed by related work, presentation of the spacecraft and concept of operations for each mission. This will be followed by detailed presentation of the mission trajectories and discussion, followed by conclusions and future work.
BACKGROUND: SCIENCE MOTIVATIONS AND GNC CHALLENGES

Remnant Magnetic Fields
The moon does not have magnetic dipoles like on Earth, however, it does have weak localized magnetic fields in Reiner Gamma, Mare Ingenii, and Mare Marginis. By studying these phenomena directly on the moon, we may be able to better understand if this is crustal or due to large impact events on the lunar surface that may be causing the magnetic fields 9, 10, 11 . Previous lunar missions have indicated that the swirl region has an elevated magnetic field in Reiner Gamma 9, 10, 11 . The readings were taken from a stable low orbit. It may be possible that an event hundreds of millions of years ago modified the magnetic properties of the surface materials, deflecting the solar wind and changing how the reflectance is modified by space weathering 12 . In Figure 2 , a 3D simulation of the proton flux (a) and the magnetic flux (b) of Reiner Gamma. With the quantitative data that was simulated and with previous flights, TCL will be able to test one of several competing hypotheses trying to explain this science phenomena.
Landing on Reiner Gamma presents some important opportunities for visual navigation. The Reinner Gamma regions is visual distinct from the neighborhood. The suspected surface weathering has increased albedo of the lunar surface. Thus, simple visual navigation techniques could be used to identify, navigate and lock-on to the target.
Lunar Pits
Recently discovered lunar mare "pits" are key science and exploration targets. The first three pits were discovered within Selene observations and were proposed to represent collapses into extant lava tubes 13, 14 . Subsequent Lunar Reconnaissance Orbiter Camera (LROC) images revealed 5 new mare pits and showed that the Mare Tranquilitatis Pit (MTP; 8.335°N, 33.222°E) opens into a sublunarean void at least 20 meters in extent ( Figure 3 ) 14, 15 . The pit diameters range from 86 to 100m with a maximum depth from shadow measures of ~107m. Several large, angular blocks are sparsely distributed across the floor, and likely represent detritus from the pit walls or collapsed roof materials.
Current theories suggest there are vast networks of lava-tubes stretching 100s km. The suspected lunar lava tubes are expected to be much larger in size than those found on Earth, with a diameter of 80 to 100 m. Several of these lunar pits are found near the poles and conditions are sufficient to harbor water-ice. Entering and exploring these lunar pits are of high-priority. The lunar pits being sheltered from the surface could hold records of the lunar geo-history without being impacted by cosmic radiation, surface weathering and from micrometeorites impacts. Furthermore, the temperature inside the pits are expected to be around -25 o C. These factors make the pits idea locations to locate a future human base or park valuable lunar assets.
Landing a CubeSat in the vicinity of a lunar pit presents some important GNC challenge. The main challenge includes precision landing near or inside the pit. This will require visual navigation techniques. One possibility includes looking for shadow lines inside the pit and lock on the target. Landing inside the pit presents some exciting outcomes but can serve to limit the length of the mission. Other options include landing nearby the pit and deploying smaller SphereX (Pit Bots) into the pit.
RELATED WORK
CubeSats and small satellites offer a new low-cost option to perform interplanetary exploration. First, we review mission concepts and missions that include an independent propulsion system or is deployed on an Earth escape trajectory. NASA JPL's INSPIRE is one such attempt that will result in a pair of CubeSats dropped off in an Earth escape trajectory 16 . INSPIRE is a pair of CubeSats that will fly past the moon to perform a technical demonstration. It includes a magnetometer, a deep space X-band communication system, computer and electronics. INSPIRE currently is in storage awaiting a launch opportunity. NASA JPL's MarCO CubeSats were intended to be communication relays for the Insight mission. The CubeSats were equipped with a DSN compatible x-band radio and tracking system, with a cold-gas propulsion system to perform minimal trajectory correction maneuvers. The mission was successful in acting as a communication relay and being a platform to test CubeSat components in deep space.
Another proposed interplanetary spacecraft concept is the Hummingbird jointly proposed by NASA Ames and Microcosm 17 . Hummingbird is a spacecraft architecture intended to tour asteroids. It includes slots to carry CubeSats that would be deployed upon rendezvous with a target of interest, in-addition, it includes a telescope to observe an asteroid target at a distance. Another interplanetary CubeSat is LunaH-Map, a 6U CubeSat selected for a NASA SLS EM1 mission 18 . LunaH-Map is a science focused mission using an experimental miniature Neutron Spectrometer to map speculated water ice deposits in the permanently shadowed craters of the Lunar South Pole. Lunar Ice Cube is a similar mission that will use an Infrared Spectrometer to look for water ice in the Lunar South Pole 19 . Lunar Flashlight is a third mission to explore the Lunar South Pole for ice deposit 20 . Another mission concept called Swirl will perform low-altitude orbits over Reiner Gamma to provide details maps of the remnant magnetic field 21 . It would use laser spectroscopy to identify presence of water ice. NEAScout is a proposed SLS EM1 mission intended to explore Near Earth Asteroids 22 . The most similar CubeSat mission to the ones presented is the OMOTENASHI CubeSat lander 23 . This CubeSat is a 6U, 14 kg lander that uses a hard landing system to land on the moon and will fly onboard SLS EM 1. OMOTENASHI has an airbag and crumple zone setup for the lander, whereas the proposed lander must use a soft-landing system because of the instruments on board. Another mission called LUMIO will travel to the L2 Lagrange point and monitor the moon for meteor impacts 24 .
SPACECRAFT DESIGN Lunar Pit Exploration
The proposed lander is a 27U (34 × 35 × 36 cm) CubeSat (Figure 4, 5) . The lander will be deployed from the Gateway to the lunar surface. The lander is equipped with four 22N HPGP and four 100 mN HPGP thrusters. The High-Performance Green Propulsion (HPGP) provides higher specific impulse and higher propellant density, which results in increased performance compared to traditional propulsion. The propellant is based on AND (Ammonium DiNitrimide) and is considered less toxic, non-carcinogenic and simpler to handle than hydrazine. The onboard Attitude Determination Control System (ADCS) consists of the Blue Canyon Technologies XACT-50. Reaction wheel desaturation will be performed using the thrusters. The power system consists of GOMspace NanoPower BPX rechargeable lithium ion batteries, MMA eHaWK solar PV and the power electronics from GOMspace NanoPower p60 system. The lander will also use 3 S-band antennas and a S-band transceiver. The C&DH will be performed by Space Micro CSP (CubeSat Space Processor) which is a compact single board computer designed around Xilinx Zync-7020. The chassis and the landing legs will be custom built. The instruments in the lander includes a pyrolytic analyzer (pyrolysis oven coupled to a mass spectrometer) for vacuum pyrolysis of regolith to identify the presence of water, and a camera and a lens system integrated with Xilinx Vertex-5QV FPGA for navigation during landing phase. The lander will also carry three spherical hopping robots (SphereX 25, 26 ) which will be deployed near the entrance of a lava tube. The SphereX robots will hop inside the lava tube for mapping, detecting the presence of water and collecting samples. The robots will perform autonomous navigation inside the lava-tube 30 .
Figure 5:
Landing legs deployment sequence.
SphereX Hopping Robots
SphereX 25,26 is a spherical hopping robot of mass 1.5 kg and a diameter of 180 mm as shown in Figure 6 . The lander will carry three SphereX robots and deploy them near the entrance of a pit (Mare Tranquilitatis). The SphereX robots hops inside the pit for exploration. The top half of the SphereX contains lithium ion batteries and EPS board for power and EnduroSat S-band patch antenna for communication. The middle section consists of the C&DH board, 3-axis reaction wheel from Aerospace Corporation for attitude control, a pair of Bluefox 3 FPGA cameras for imaging and navigation and a 3D LiDAR scanner for mapping, navigation and localization 27 . The bottom half consists of a 5 N thruster along and a propellant tank. Moreover, each of the SphereX consists of an instrument that uses impedance spectroscopy to determine water content, distribution, and phase in planetary regolith. The instrument consisting of 4 electrodes provides a detailed electrical characterization of the regolith, which offers the potential of significantly increased sensitivity to water and ice 28 . All materials have unique characteristic responses to electromagnetic stimulation that can be used to identify them.
Remnant Magnetic Field Exploration
The CubeSat lander to explore the Remnant Magnetic Field at Riener Gamma is shown in (Figure  7 ) is a 27U custom frame design. This design shown is the result of several design iterations and reviews. There are solar panels surrounding the CubeSat for recharging the batteries on board.
The Pumpkin Batteries will power the main onboard computers as well as several slave computers for major subsystems. The lander will use Busek's BGT-5 green monopropellant thrusters. The lander will be an autonomous system guided by the stars using the BCT XCT-50 ADCS. As the lander descends, it will be taking video with its camera and using its Laser Rangefinder for terrain navigation. The lander is expected to make a soft touch-down. The Laser Rangefinder and EMI and dust box is not shown for clarity. The proposed CubeSat lander is within the allowable volume of the 27U CubeSat standard. The lander includes retractable landing legs and a foldout solar panel (Figure 7 ). In addition, the color camera is deployed to look downwards but is well away from the rocket thrusters. See Table 1 for system budgets. The selected science instruments include JPL's compact magnetometer installed on the Inspire CubeSats and to be used on the Europa Clipper mission. The second is the Malin Ecam-50 which is a 5 Megapixel color camera with heritage from the OSIRIS-REx mission. Both instruments will be used concurrently and be operating as the spacecraft lands in Reiner Gamma and remains there until power is depleted. Figure 8 shows the first phase of the mission. The CubeSat will be launched on NASA's deep space rocket, the Space Launch System (SLS) where it will be encapsulated, docking with the Lunar Gateway presumed to be located at the L2 Lagrange point. The lander will be stored on the outside of the Gateway logistics module. The logistics module will be utilized for science including deploying science-focused CubeSat lunar landers. The lander will be in a hibernated state until its ready for science deployment. When ready the CubeSat will be loaded into a P-Pod and launched on its way to the Lunar insertion orbit. The lander has its own propulsion, attitude-determination and control system and communication system. The lander has a total delta-v of 2.5 km/s using its High-Performance Green Propulsion (HPGP) system.
CONCEPT OF OPERATIONS Lunar Pit Exploration
After the lander performs its lunar orbit insertion maneuver, it will perform another impulsive burn to target the landing site. On its way to the landing site, at about 25 km from the surface it will prepare to land. The onboard camera and lens system will be used to navigate and the propulsion system to perform soft landing on the landing site. The CubeSat lander upon successfully landing will deploy the three SphereX robots (Figure 9 ) using a spring deployment system. The SphereX robots will then hop near the pit entrance, enter the pit and start mapping using the onboard 3D LiDAR sensors and stereo cameras.
Each robot will also take electrical impedance spectroscopy measurements to determine the water content, distribution, and phase in the planetary regolith inside. Each robot will also collect a few grams of regolith sample and then hop back to the lander. The collected samples will then be inserted inside the VAPoR instrument to perform pyrolysis and mass spectrometry. The CubeSat lander will then transmit the data (electrical impedance spectroscopy, pyrolysis and mass spectroscopy, 3D point cloud data of the pit, images and videos of the landing process, and images and videos of the robots hopping inside the pit) back to the Lunar Gateway. Estimated mission length is 3 days. The lander will land during daytime and there are no plans for the lander to survive the lunar night which simplifies the mission.
Navigation Camera
A camera and a lens system will be used for navigating the lander to its landing site. A high-resolution wide-angle camera system (Figure 10 ) is selected to allow for a single landing navigation camera to minimize subsystem mass and volume. 0.55 meter per pixel imagery of the landing site is available from the Lunar Reconnaissance Orbiter Camera (LROC). Our selected camera system provides 595 meter per pixel resolution at an altitude of 25 km, with a total coverage of over 21,000 square kilometers of lunar surface at that same altitude. At 1 km altitude the camera resolution will be 0.95 meter per pixel. Assuming a uniform distribution of craters, we should expect roughly one 5-20 kilometer crater every 1000 square kilometers, providing an estimated 21 large craters to be used for visual odometry and navigation at 25 km. During landing, the navigation camera will stream imagery to the FPGA and match with the preloaded features, providing position and velocity estimate of the craft. The position estimate is estimated to be three or- ders of magnitude better than current inertial estimates 29 . The expected target deviation from the landing site is expected to be roughly one meter according to studies of Mars Science Laboratory (MSL) touchdown imagery 29 . Figure 11 shows the first phase of the mission, while Figure 12 shows the second phase. The CubeSat will be launched on a Delta IV rocket where it will be encapsulated, docking with the Lunar Gateway presumed to be located at the L2 Lagrange point. The lander will be stored on the outside of the Gateway logistics module.
Remnant Magnetic Field Exploration
The logistics module will be utilized for science including deploying science-focused CubeSat lunar landers. The lander will be in a hibernated state until its ready for science deployment. When ready the CubeSat will be loaded into a PPod and launched on its way to the peri-lune Lunar orbit.
The lander has its own propulsion, attitudedetermination and control system and communication system. The lander may be controlled from the Lunar Gateway or Earth as the onboard radio is DSN compatible. The lander has a total delta-v of 2.5 km/s using its green mono-prop system.
After the lander has been inserted into the perilune orbit, at about 30 km above the surface, the CubeSat will prepare to land. It will rotate 180 degrees where the thrusters will do a strategic burn to slow the CubeSat down, and allow it to be further pulled by lunar gravity, as shown in Figure 12 . The controlled descent will take approximately 4-6 minutes culminating in a softlanding on the surface. While descending, the lander will be taking video at 30 fps and magnetometer readings at 100 Hz. The CubeSat, upon successful landing will radio photos of the touch-down. The CubeSat will continue to take approximately 6 hours of magnetic readings and video footage of the surface. Then it will downlink the data that was recorded back to the Lunar Gateway. Estimated total mission length is 6 days. The lander will avoid landing during the lunar night and there are no plans for the lander to survive the lunar night, which further simplifies the mission.
DISCUSSIONS
Presentation of the two mission concepts show the need for advancement in several areas of GNC to enable science exploration. The need for visual navigation to perform pinpoint landing with accuracy of 2 km to 500 meters is an important challenge. The potential opportunities will allow for routine but short missions to the surface of the Moon to obtain samples, perform in-situ analysis and setup instruments. The technology to perform these feats are already there from previous lunar surface missions. The technology does not require the spacecraft be entirely autonomous. With the gateway being nearby, it is possible to partially teleoperate these crafts to minimize on mission operational complexity.
Nevertheless, it is the miniaturization of this technology and use of COTS parts that will be new. This includes advancement in smart-navigation cameras, altitude sensing radars, miniature LIDAR and flash-cameras to name a few. Such technology will be critical to perform the required adjustments during soft-landing on the lunar surface. Apart from the advancement in smartsensing, we have introduced landers that can deploy from the 27U CubeSat form factor. This is another critical technology advancement. The lander needs to withstand hard landings, not tip over and be upright for positioning communications antennas and navigation cameras.
Technologies we have omitted to keep the mission simple includes the required thermal and power technologies to keep a small lander alive during the lunar night. This maybe a requirement for missions that need to deploy permanent surface instruments. In other cases, the 6-12 days of mission time on the lunar surface appears enough to obtain the required science data.
Overall the proposed Lunar Gateway offers a credible stepping stone to perform exploration of the Moon. CubeSats while still being at their infancy could be used to routinely explore and access all parts of the Moon thus avoiding the risks and high-costs associated with directly sending astronauts. Just as the ISS and its vicinity has become a proving ground in Low Earth Orbit (LEO), the setup also provides an ideal proving ground to advance deep-space technology, terrain navigation technology and technology to perform pin-point landing on the Moon. All of these technologies need to advance for us to realize permanent bases on Mars and the asteroids.
CONCLUSIONS
The Lunar Gateway is expected to be positioned on-orbit around the Moon or in a Halo orbit at the L2 Lagrange point. CubeSats are being advanced with onboard propulsion system that provide 500 m/s delta-v utilizing green mono-propellants. This presents limitations for longer interplanetary missions. The trick is to achieve the right trajectory to make possible low-delta-v solutions, but often at the cost of an extended mission. The proposed Lunar Gateway is a gamechanger for enabling new science utilizing CubeSats. Deployment of CubeSats from the Lunar Gateway presents a refreshing new opportunity for utilization of these small spacecraft as explorers. In this paper, we outline opportunities for using CubeSats to perform surface science on the Moon and analyze the preliminary feasibility of several potential missions with respect to GNC and propulsion. These new mission opportunities require advancement in terrain navigation and precision landing using COTs technology.
